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ABSTRACT 
Seeds are a source of organic (carbon, C) and mineral (nitrogen, N and phosphorus, P) nutrients for the growing seed- 
ling. There is much information on seed mass and N and P contents, and the relationship between these and seedling 
mass. Within the world’s temperate regions, these collectively show that N and P concentrations remain constant or rise 
with increase in seed mass and that seeds are larger and more nutrient-enriched in poorer soils. Seed N and P were more 
important than seed C in accounting for seedling mass in 85% of studies we assessed. In nutrient- and water-limited 
environments that are not light-limited, large seeds routinely provision the seedling with N and P that enhance C-fixa- 
tion and thus general growth in the first wet season. This system is so efficient that growth response to soil nutrients 
may be negligible in first-year seedlings arising from seeds > 15 mg mass, N content > 5 mg and P content > 1.6 mg. 
The elongating taproot system absorbs nutrients and maintains water uptake as soil water retreats, enhancing the 
chances of survival in the first dry season. We outline an interpretative scenario for the special role of large seeds (>15 
mg) in nutrient- and water-limited environments that recognizes the critical role of N and P for photosynthesis in ensur- 
ing sufficient C-supply to the rapidly descending roots for effective drought-avoidance by the young plant. 
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1. Introduction 
Seeds contain organic and mineral nutrients for nurturing 
the young seedling. Prior to becoming photosynthetic 
and developing root hairs all the nutrient requirements 
for the germinant must be met from seed stores, but in re- 
source-limited environments this role can be expected to 
continue well into the first growing season. Organic nu- 
trients (C compounds) can be used for immediate growth 
needs (where light is limiting), while mineral nutrients 
provide essential cofactors for photosynthesis and respi- 
ration for subsequent growth (where soil nutrients are li- 
miting). In addition, the cotyledons of many germinants 
are carried aloft, expand, become green and can photo- 
synthesise. This process can supplement stored carbohy- 
drate supply to the young seedling but usually makes 
little contribution compared with photosynthesis by the 
new shoot [1-3]. In temperate climates, light is rarely li- 
miting but nutrient and water supply are, so that photo- 
synthesis is still suboptimal for growth. Thus it can be 
expected that seeds will serve as a source of mineral nu- 
trients that will supplement early soil supply, enhancing 
shoot (light acquisition) and thus root (nutrient and water 
acquisition) growth and increasing the chance of suc- 
cessful establishment in the first year. 
If stored minerals are critical for seedling establish- 
ment, then as seed size (mass) increases, mineral content 
should rise proportionately. If stored minerals are more 
important than seed mass, then mineral content should 
rise exponentially. It follows that seed-stored mineral 
concentration should be as high, or higher, in the more 
nutrient and water-impoverished regions. Here, we out- 
line technical issues of quantifying seed nutrient content, 
seedling nutrient transport and utilization, and appropri- 
ate statistical analyses. We examine the relationship be- 
tween seed mass (as an index of C) and seed nitrogen (N) 
and phosphorus (P) content in a world survey of temper- 
ate climate species. We then review experiments on the 
contribution of these three seed-based resources to seed- *Corresponding author. 
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ling growth, and compare their relative importance on 
seedling growth and survival. Finally, we outline an ad- 
aptive scenario for large seeds on seedling growth in nu- 
trient- and water-limited environments. 
2. Quantifying Seed Nutrient Content,  
Transport and Utilization 
Diaspores are considered seeds when they are the disper- 
sal unit and comprise one embryo and protective coat in- 
cluding appendages. Air-dry seeds may contain as much 
as 20% water when fresh but most dry to 1% - 5% mois- 
ture over time. Air-dry seeds are usually used when com- 
paring seed sizes, but oven-dry when determining nutri- 
ent concentrations. Most oven-dry (60˚C - 70˚C for 24 h) 
seeds comprise >95% organic and <5% mineral nutrients, 
though N and P alone can reach 12.4% and 2.5% in some 
species on nutrient-impoverished soils [4]. The organic 
component of seeds is made up of units of CH2O (and 
sometimes CHO for those that store fats and oils), so that 
seed mass is a good index of plant investment in seed C. 
Not all stored nutrients are available for transferring to 
the germinant/seedling as the seed coat accounts for <1% 
- 82% of seed mass and <1% - 12% of N and P contents 
[5,6] and this is not remobilizable. Recyclable nutrients 
are stored in the endosperm (often absorbed by the coty- 
ledons during maturation) and cotyledons (~95%), and 
embryo axis (~5%). Thus, the seed coat is omitted in 
some functional studies. Nevertheless, there is an argu- 
ment for including whole seed nutrient content when ex- 
amining the extent to which it correlates with seedling 
growth, especially as the fraction actually transported to 
the seedling is smaller again and depends greatly on the 
type of nutrient and growing conditions. In fact, there are 
many instances of a net gain in mass and sometimes even 
nutrient content of the cotyledons during seedling growth 
[7,8]. 
There are several techniques for gauging the contribu- 
tion of seed resources to seedling growth. One is to com- 
pare seed nutrient content (including seed coat) at the 
start and end of the experiment. Another is to remove the 
storage tissues soon after germination and compare nu- 
trient content of control seedlings (with remnants of the 
seed removed at the end) with that of the minus-stor- 
age-tissue seedlings. As a cross-check, nutrient content 
of the parts removed at both stages should be included. If 
not grown in an inert medium with distilled water the 
technique may also be used to compare the contribution 
of the rooting medium and seed to seedling mineral con- 
tent [3]. This indicates the extent of nutrient transfer be- 
tween seed and seedling. How seedling mass and mineral 
content vary with seed resources provides a clue to the 
nutritional significance of large seeds and curve-fitting 
helps here. 
But comparison of relative content or transfer effici- 
ency of nutrients between seed and seedling does not ne- 
cessarily coincide with their relative contribution to seed- 
ling growth. Identification and ranking of those stored 
mineral nutrients that have the most impact on growth is 
best done with single-nutrient-omission experiments [9]. 
Seedlings are grown in an inert medium under various 
nutrient regimes. The controls receive distilled water only, 
while treatments include a full (balanced) nutrient solu- 
tion, and individual nutrients are omitted from the other- 
wise balanced solution in others. The contribution of that 
seed nutrient to seedling mass is obtained by dividing 
mean mass for the particular nutrient-omission treatment 
by that for the balanced solution.  
While this technique does not quantify how much of 
the nutrient is transferred, it can be used to approximate 
the seed mass that must be reached for the seedling to be 
independent of soil supply for the seedling to grow as 
well in the presence or absence of that nutrient in an oth- 
erwise full nutrient solution. Here, growth in the balan- 
ced nutrient solution is divided by growth in the omission 
treatment for a range of seed sizes and plotted against 
(log) seed mass, as shown in Figure 1 where P is omitted 
[9]. As seed mass increases the ratio approaches 1 until at 
Y = 1, P in the nutrient solution no longer has any benefit 
on growth, as P seed stores are sufficient, though of 
course they might continue to accumulate in the seedling 
and prove of later benefit as the seedling grows. 
3. Statistical Approaches 
Fundamental to analysing gradients of change is curve- 
fitting. Because attributes such as seed size and nutrient 
 
 
Figure 1. Relationship between seed mass and ratio of seed- 
ling mass in a balanced nutrient solution to that in the same 
solution but P omitted. As seed mass increases the ratio 
approaches 1 until at Y = 1, P in the nutrient solution no 
longer has any benefit on growth, i.e. P seed stores are suf- 
ficient (equivalent here to a seed mass of 9 mg). Raw data 
from [9]. Relationship equation is Y = −1.39X + 2.29, r2 = 
0.755. 
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contents of seeds and seedlings may vary over orders of 
magnitude in particular studies it is often advisable to 
take their logarithms before analysis. This not only usu- 
ally succeeds in normalising the data it also linearizes the 
relationships (power function), and there is meaning in 
the slope (b) of the line. In the studies described here, 
relative errors in determining Y values (nutrient content, 
seedling mass) will exceed those for X values (seed mass) 
by up to ten times, making minimum-triangular-area re- 
gression (geometric mean technique) least prone to error 
in estimating b [10]. If b is close to 1, the unlogged pairs 
of values are linearly related (Y is a constant multiple of 
X). If b > 1, the unlogged pairs of values are exponen- 
tially related, with increasing efficiency in “use” of X. If 
b < 1, the unlogged pairs of values are logarithmically re- 
lated, with decreasing efficiency in “use” of X. Statistical 
tests are available for determining if any departure of b 
from 1 is significant. 
How the slope of this line compares between seedling 
mass (Y) regressed against seed mass (as an index of 
stored C) and mineral nutrient content is used as an indi- 
cation of which is more critical (greater b) for seedling 
establishment [5,11]. Statistical tests are also available 
for comparing two b values. The scatter about the line 
(often gauged as the coefficient of determination, r2) in- 
dicates the closeness of the relationship, i.e. the extent to 
which other variables affect the outcome, Y, so is also an 
important consideration. Finally, to avoid “spurious” cor- 
relation, absolute rather than relative values are used. 
Thus, seedling mass is regressed against total amounts of 
a particular nutrient rather than concentrations, which are 
total divided by mass, so are correlated by definition (Y/X 
will be a (negative) function of X even when they are 
random numbers). Interestingly, the slope of this rela- 
tionship is equivalent to concentration, and values above 
the line for example indicate higher concentrations than 
expected from the overall relationship. Bias can be in- 
troduced by the phylogenetic relations and growing con- 
ditions of the species used in the analysis, making a case 
for using such large sample sizes that trends overwhelm 
the “noise” or recognizing groups and analysing them se- 
parately—we use both approaches here. 
4. Nutrient Storage as a Function of Seed  
Mass 
Early work on Hakea sericea showed that plants growing 
on experimentally nutrient-enriched soils produced sma- 
ller fruits and seeds, compared with plants growing on 
nutrient-impoverished soils [12]. This occurs not just wi- 
thin, but also between, species on different soil types [13, 
14]. Investing less dry mass, and by implication less nutri- 
ent mass, into seeds when soil nutrients are not a growth- 
limiting factor suggests that seed nutrient reserves may 
be less important for establishment in nutrient-enriched 
sites [15-17]. Early growth of larger-seeded species (>15 
mg) is independent of soil-nutrient supply, made possible 
through the high levels of cotyledon-stored nutrients [3,8, 
17,19]. 
On a log-log scale between seed mass and total N or P 
content the gradient (b) can be used as an index of nutri- 
ent concentration (see above) that may vary within or be- 
tween species. For example, Banksia marginata shows 
an almost linear relationship (data from [20]) between 
seed mass (4 - 13 mg) and total N (b = 1.02) and P (b = 
0.90). For B. cunninghamii (4 - 20 mg), one population 
has b = 1.13 for N, and 1.09 for P, and another, on much 
poorer soil, has a clearly exponential relationship (b = 
1.24 and 1.27) [21]. Among temperate species on a world 
scale, Figures 2(a) and (b) shows that there is a tight 
overall relationship (b ≥ 1; P < 0.002) between seed mass 
and N and P contents. This contrasts with the findings of 
earlier studies using smaller data sets (ash content for 
Asteraceae [5]; SW Australia seeds [36]) where b < 1. 
These wider ranging results suggest that stored mineral 
nutrients play an increasingly important role for larger 
seeds in accounting for seedling mass in temperate re- 
gions. This impression needs confirmation by correlating 
mineral content or transport against actual seedling mass 
or indirectly via nutrient-omission experiments (see be- 
low). 
Seeds tend to be larger (by an order of magnitude) and 
more nutrient-enriched (by 1.5 orders of magnitude) in 
regions with poorer soils (Australia and South Africa in 
the upper half of Figures 2(a) and (b) compared with 
Europe and New Zealand in the lower half), pointing to 
the greater value of seed nutrients in seedling establish- 
ment there. At a finer scale, the data show that for three 
regions considered highly nutrient-impoverished among 
temperate regions and for a family well-represented in all 
three (Proteaceae), b remains ≥ 1 (Figures 2(c) and (d)). 
There is a rising gradient in mean seed mass, and N and 
P contents, concentrations and coefficient of determina- 
tion, from the sandstones in eastern Australia (EA), to the 
sands and limestones of the Cape of South Africa, to the 
sands and laterites of SW Australia (SWA) (Figures 2(c) 
and (d)). This suggests that nutrients are more limiting 
for growth in SWA than EA or the Cape, consistent with 
relative soil nutrient values where the Proteaceae abounds 
in SWA and EA [23], though EA is not clearly more nu- 
trient-impoverished than the Cape [40,42]. An alternative 
interpretation is that moisture is more limiting in SWA 
[43,49] so that seed nutrients are used to supplement soil 
nutrients (also limiting) for promoting photosynthesis that 
ensures rapid growth and descent of the taproot before 
the onset of periods of drought [27] as discussed further 
elow.  b 
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Figure 2. Relationship between seed mass and total (a) seed-N and (b) seed-P content for worldwide temperate regions 
[8,13,14,17,18,20,22-34], (N: b = 1.02, r2 = 0.93, n = 133; P: b = 1.10, r2 = 0.90, n = 133) and the equivalent (c), (d) for south- 
western Australia [3,8,17,25,26,28,34-36] and eastern Australia (33), and the Cape of South Africa [13,29,31,37-39] for Pro- 
teaceae (subfamilies Grevilleoideae and Proteoideae) (N: b = 1.04, r2 = 0.84, n = 61; P: b = 1.01, r2 = 0.72, n = 79). 
 
Seed nutrient content may also be linked to levels of 
on-plant seed storage (serotiny) where seeds of seroti- 
nous species are larger and P concentrations higher than 
those of non/weakly-serotinous seeds [49]. This is achi- 
eved through serotinous seeds taking longer to mature 
(up to 3 y) and therefore receiving more resources as a 
function of time. This no doubt increases competitive- 
ness in the postfire environment following massive ger- 
mination in the litter microsites [44] and is worthy of fur- 
ther study. Resource costs (essentially C) of producing a 
woody fruit/infructescence to protect the stored seeds 
have to be taken into account but they appear small com- 
pared with the fitness advantages of only releasing seeds 
postfire in nutrient-impoverished environments [15,39, 
45]. The greatest incidence of serotiny in SWA among 
the mediterranean regions (in fact, world) adds further 
support to the notion that SWA soils are the most nutri- 
ent-impoverished, tempered by its reliably wet winter 
[46]. 
5. Seedling Growth as a Function of Seed  
Mass and N and P Contents 
The positive relationship between seed and seedling size 
is well established, but there is no universal shape to the 
power function line, with b varying from 0.18 to 1.02 for 
the nine data sets that we were able to locate. Within spe- 
cies, seedling mass may vary with seed mass linearly (b 
= 1) or logarithmically (b < 1) [21]. For batches of taxo- 
nomically or regionally-related species at various times 
since germination, either b approaches 1 (data from 15) 
or, more commonly, b < 1 (data/values from [4,5,17,30, 
47,48]). There is a logarithmic relationship (b = 0.79) be- 
tween cotyledon mass (independent variable, varying over 
four orders of magnitude) and seedling mass treated as 
the dependent variable (derived from [4]). 
For N, b ranges from 0.19 to 1.50, using the results of 
experiments based on nutrient content of the seed, actual 
nutrient transfer from seed to seedling, and N-omission 
vs full-nutrient solutions (Table 1). For P, b ranges from 
0.63 to 1.26. Table 1 for the total data set shows that b 
for seed mass (C) only exceeds the equivalent slopes for 
N and P in two of 15 comparisons, and b for N exceeds 
the equivalent value for P in only two of seven paired 
comparisons, indicating that P is usually more limiting 
for establishment than N. The slope b is >1 for mass in 
one of eight studies, for N in three of seven studies, and 
for P in five of eight studies. Thus, we conclude that 
seed-stored C is rarely as important as stored nutrients in 
accounting for seedling growth in temperate systems. 
Further, in marked contrast to their nutrient stores, many 
cotyledons do not decrease in mass over time so that they 
are not a net source of C for seedlings [3,7,8]. While b 
or the major nutrients is rarely <1, that for mass usually f 
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Table 1. Slopes (b) of power function fits to seedling mass grown in absence of added nutrients vs the independent variables, 
seed mass, and N and P contents of the seed. Ordered from highest to lowest b for seed mass. Slopes in bold are the largest of 
the three obtained in that study. r2 ranged 39.1% - 96.7% for all curve fits. 
Data set Seed mass (mg) Seed mass N P Data source 
1. Banksia cunninghamii, 30 seeds,  
more fertile soil, E Australia 
4.6 - 19.5 1.02 1.13 1.09 [21] 
2. Proteaceae, 5 spp, S Africa and Australia 11.2 - 31.0 0.94 0.76 1.21 This paper—data from [19]
3. Banksia cunninghamii, 30 seeds,  
nutrient-poor soil, E Australia 
4.3 - 20.0 0.85 1.24 1.26 [21] 
4. Grasses (5 spp), legumes (7), UK 0.06 - 9.62 0.84 0.99# 1.14# This paper—data from [9] 
5. Dicotyledonous herbs, 21 spp, UK 0.1 - 10.0 0.80  1.23# This paper—data from [4] 
6. Asteraceae, 24 spp, UK 0.36 - 14.1 0.66 0.68 (ash) [5] 
7. Eucalyptus (8 spp), Banksia (6),  
Hakea (7), W Australia 
0.2 - 630.2 0.70 0.53* 0.74* [17] 
8. Papilionaceae, 15 spp, UK and Australia 1.1 - 23.7 0.52 1.25# 0.98# This paper—data from [48]
9. Banksia (1 sp), Acacia (1), Eucalyptus (1) 1.1 - 82.1 0.18 1.50/0.19 0.78/0.63 This paper—data from [30]
*Based on actual nutrient transfer from seed to seedling; #Based on seedling mass in full nutrient solution but that nutrient omitted as a surrogate for seed nutri- 
ent content; As for # except no N and best of 3 concentrations of P/no P and best of 2 concentrations of N respectively. 
 
is. However, there is no special significance in the value 
of b relative to 1, only how they compare with each other 
as a measure of the relative functional significance of the 
relationship.  
Thus, in almost every case seedling mass is more re- 
sponsive to seed nutrients than to seed mass. However, 
seed reserves of some nutrients are more valuable to 
seedlings than others. For the data above, available P is 
usually more important than N. But the exceptions are in- 
triguing: in more fertile soil, the critical nutrient switches 
from P to N for the same species and seed-size range [21]. 
For seed content, N has a much sharper relationship with 
seedling mass than P (correlative) but the associated omis- 
sion study (causative) shows the reverse [30]. Such vac- 
illation supports the view of seeds as a general store of 
remobilizable nutrients with the identity of the most cri- 
tical for early growth depending on soil supply, the group 
of species under consideration, and the technique of iden- 
tification used. 
Data we have collated for two studies [9,48] shows 
how seeds are a general source of nutrients by the much 
steeper relationship between growth in a balanced nutri- 
ent solution compared with distilled water (b = 5.18 for 
[9], 1.38 for [48]) than compared with a solution lacking 
only N (2.64, 0.83) or P (1.39, 0.64) as seed mass in- 
creases (see above for technique). If it was just a question 
of the extent of C supply from the seed then all slopes 
would be the same. As a result, a seed mass is reached 
where addition of the various nutrient solutions no longer 
benefits early seedling growth as seed sources are suffi-  
cient. Thus, seedling mass no longer responds positively 
to nutrient addition once seeds of a selection of temperate 
annual grasses reach a mass of about 10 mg [9] and 
grasses and legumes of about 20 mg [48]. This is only 
slightly above the world mean seed size, but more than 
10 times the mean for grasses and it almost equals the 
mean for legumes [50]. Similarly, among three woody 
genera, there is no further growth benefit to increasing 
concentrations of a balanced nutrient solution once seed 
mass (varying over four orders of magnitude) reaches 15 
- 20 mg [17]. Removal of the cotyledons of a 5-mg- 
seeded Hakea species reduces seedling mass by only 
20% while adding full nutrient solution increases it by 
250% whether cotyledons are present or not [19]. Remo- 
val of the cotyledons of a 67-mg seeded Hakea species 
results in a 65% reduction in mass while addition of nu- 
trients counters this by 50%. In the presence of cotyle- 
dons, growth is unaffected by whether this species is fed 
nutrient solution or not. All these studies suggest that 
large seeds are a general source of nutrients that greatly 
promotes growth of seedlings in nutrient-impoverished 
soils but less so the more fertile the soil. 
6. Seed Size, Nutrient-Enrichment and  
Seedling Survival 
Seedlings from large seeds tend to survive longer in the 
absence of added nutrients (b = 0.22, i.e. a 65% increase 
in longevity requires a 10-fold increase in seed reserve 
mass) [51]; by adding dilute nutrient solution this in- 
creases by a mean of 4 days, confirming nutrient supply 
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limits growth in the absence of external nutrients. A lo- 
garithmic increase in seedling survival occurs with greater 
seed mass under water-amended treatments in semi-arid 
Australia [52]. For a glasshouse trial using the same spe- 
cies in 40 cm long pots, survival is a function of the 
amount of water added to the smallest seed class (mean 
of 0.7 mg) but is independent of watering rate (close to 
100% survival) in the 12-mg class [52]. This implies that 
the roots of seedlings from larger seeds are able to reach 
water at greater depths in the pot (discussed further be- 
low). Our collated work on survival of young plants in 
mediterranean Australia also shows a logarithmic rela- 
tionship between seed mass and survival after the first 
summer drought (Figure 3). The power function fit gives 
b = 0.34 and r2 = 0.615 confirming the strongly dimin- 
ishing rate of extra benefit with increase in seed size and 
stochastic/species-specific elements in the results that pre- 
vented this relationship from being revealed in earlier 
site-based studies [50]. Indeed, by 20 mg, the line and 
raw data show little additional benefit in survival from 
larger seeds.  
These patterns provide no clue as to the mechanism of 
greater survival of seedlings from larger seeds. It can be 
expected that seedlings from smaller seeds will best sur- 
vive via drought-tolerance in the first year (e.g. ability to 
survive prolonged periods below the turgor-loss-point 
[41]). Seedlings from larger seeds can be expected to 
have more extensive root systems, and might best survive 
by avoiding drought (e.g. by developing a long tap root 
that maintains contact with soil water during drought 
[53]). Seedlings from intermediate-sized seeds might 
possess both mechanisms. How survival is enhanced by 
higher nutrient levels associated with large seed size is 
discussed further below. 
 
 
Figure 3. Relationship between seed size and survival of 1 
(diamond) and 2 (square) years old plants of 28 species of 
serotinous shrubs (mostly Hakea and Banksia, Proteaceae) 
spread over a latitudinal distance of 1000 km in mediterra- 
nean SW Australia. Collated from [41,44,53,56,57] and un- 
published data (B. Lamont). 
7. By What Mechanisms Do Seedlings from  
Nutrient-Enriched Seeds Grow and  
Survive Preferentially? 
7.1. Light Absorption 
As the seed contributes little to seedling mass via direct 
transport of C, by far most of the increase must be due to 
photosynthesis by the seedling itself. For example, by 2 
weeks in the absence of added nutrients, four Eucalyptus 
species have six times the dry mass of their seeds [54]. 
By 14 weeks in the absence of added nutrients, three 
Hakea species have 8 – 16  the mass of their cotyledons 
which are now the same weight or heavier than initially, 
i.e. there is no net export of mass [3]. In contrast, the co- 
tyledons by then are almost devoid of nutrients. It is well 
established that photosynthesis may be light, nutrient and/ 
or water-limited in nature. For all the cases we examined 
in this analysis, light was not limiting seedling growth 
(though of course some temperate systems may well be, 
especially if not subject to the opening-up effects of re- 
current fire), and in the greenhouse experiments, the 
plants were well-watered. So the key to better perform- 
ance by the large-seeded seedlings must be attributable to 
greater availability of nutrients. The key nutrient in pho- 
tosynthesis is N (70% of the protein in a leaf is carboxy- 
lase, and chlorophyll contains four N atoms [55]) and it 
is worth noting for two Hakea species that 81% - 85% of 
cotyledon N is not only translocated to the seedlings but 
added N accumulates preferentially in the shoots indi- 
cating that it is still in limiting supply [3]. 
7.2. Nutrient Absorption 
Greater root growth as a result of the enhanced photo- 
synthetic capacity noted above increases the seedling’s 
ability to absorb soil nutrients and water. For two large- 
seeded Hakea species at 14 weeks, the indirect contribu- 
tion of cotyledons to P uptake from the soil via greater 
root growth was estimated from cotyledon-removal ex- 
periments to be 46% - 67%; the direct and indirect con- 
tribution of the embryo to P seedling content is a remark- 
able 83% - 93% [3]. For N, 32% - 41% of total seedling 
content can be attributed to enhanced root growth due to 
presence of the cotyledons [3]. 
7.3. Water Absorption 
The key to successful establishment among many young 
plants is their ability to survive seasonal drought or low- 
rainfall climates. Over two years in a mediterranean cli- 
mate, shoot mass and survival of four interspersed spe- 
cies of Banksia increase in line with seed mass, varying 7 
- 129 mg, as do their predawn shoot water potential () 
and midday stomatal conductance, i.e. larger seedlings 
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are less water-stressed [57]. Note that N and P contents 
of seeds are a linear function of seed size in Banksia [17]. 
After two summers among three interspersed Hakea spe- 
cies, the largest species has 10 times shoot mass of the 
smallest, its survival is three times greater, its predawn 
shoot  is 30% higher and its relative water content (of- 
ten considered the best index of plant water status) is 
155% higher [57]. These imply differences in access to 
soil water and all studies to date show that larger seeds 
and better nutrient supply result in larger root systems 
with longer/deeper roots [29,54,58-60]. Field studies de- 
monstrate that it is rapid and deep extension of the tap- 
root rather than extensive lateral root growth that is the 
key to survival and that this is mainly a function of seed 
size and soil texture [53,61,62]. The taproot can be traced 
to a depth of 2 m or more, up to 10 times the stature of 
the plant, by 10 months in sand. To maintain a mid-sum- 
mer predawn shoot  of −0.24 MPa requires equilibrium 
with a soil  of −0.24 MPa and this is only reached at a 
depth of 2.34 m (calculated from [53]). For the six spe- 
cies for which we were able to obtain seed masses [62], 
their relationship with taproot length gives b = 0.26, r2 = 
0.718. When elongation of the taproot is constrained by 
high soil impedance (or other factors) then lateral root 
growth is promoted instead, the moister soil zones cannot 
be reached, and survival is curtailed [53,62]. Finally, the 
link between seed mass (plant size) and maintaining ac- 
cess to soil moisture is confirmed with the demonstration 
that survival among five 22-week-old Spanish species is 
a function of soil moisture levels reached by the roots, 
and root depth reached is correlated with plant size [63]. 
8. A Model for the Deployment of Carbon  
and Nutrients for Seedling Establishment 
We can now offer an interpretative scenario for the spe- 
cial role of large seeds in nutrient- and water-limited en- 
vironments. Soil nutrient availability, especially of N and 
P, limit plant growth throughout temperate regions, but 
some soils are more nutrient-impoverished than others 
[64]. N and P are shunted preferentially by the adult plant 
into its seeds [32]. Seeds tend to be larger (more C) and 
more nutrient-enriched in poorer soils (Figure 2, figures 
in [65]). Conditions are sufficiently moist, even if only 
temporally, for germination and early growth to occur. 
Young seedlings have little capacity for light, nutrient or 
water absorption. Stored starch (absent from many fami- 
lies), proteins and phytates (K/Mg salts of inositol hex- 
aphosphate, [66]) in the endosperm-cum-cotyledons are 
hydrolysed into sucrose, inositol, amino acids and min- 
eral ions and transported to the developing roots and 
shoot (Figure 4). All nutrients involved in photosynthe- 
sis and stomatal operation are preferentially shunted from  
 
Figure 4. Stylized epigeal phanerocotylous seedling showing 
uptake and transport of C, N, P and water, based on the 
text. Note that the cotyledons are short-lived as a source of 
C as they soon become a sink. Except for small seeds and 
fertile soil, N and P continue to be transported out of the 
cotyledons until their supply is exhausted. This ready 
source of N and P in nutrient-limited soils enhances C fixa- 
tion and general growth. Fixed C is shunted strongly to the 
root system where N, P and water uptake and elongation of 
the taproot in particular are promoted, as an indirect effect 
of greater N and P seed stores. 
 
the seed to the developing leaves, and carbohydrates are 
synthesised. N and P are transferred from the seed to the 
seedling so successfully for large seeds that the issue of 
poor supply from the soil is bypassed. Adequate levels of 
less mobile nutrients essential for metabolism and cell 
formation, such as calcium and iron, must still be absor- 
bed from the soil [3]. 
C transported to the roots in field soils is often at a 
higher ratio from that to the shoots for larger seeds [62]. 
What is more important is that both organs increase in 
size with nutrient supply from the seeds, enhancing the 
light, nutrient and water-gathering capacity of the seed- 
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ling (Figure 4). Increased stature and leaf area promote 
further C capture [58,67]. In particular, the more exten- 
sive root system can enhance the uptake of nutrients 
generally, and transpiration-stream-mobile nutrients in 
particular, to balance photosynthetic requirements of the 
shoots. For water-limited habitats, the more extensive 
root system enhances water absorption while surface 
water remains abundant. More importantly, unless pre- 
vented by impenetrable soil, larger seeds result in deeper- 
elongating roots (at the expense of lateral growth). Dee- 
per roots can keep pace with the retreating soil moisture 
as the wet season or period closes, so young plants avoid 
excessive water stress. While plant survival is ultimately 
water-limited, such descent by the roots must be C-lim- 
ited from the shoots whose photosynthetic capacity in 
turn is N/P-limited. Larger seeds as better nutrient stores 
are an effective solution for seedlings to cope with these 
routine environmental and physiological constraints in 
temperate climates. Stored mineral nutrients are more 
important than organic as they have a “multiplier” effect 
on growth, acting as recyclable catalysts and electron 
carriers rather than as substrates. Such a role gives a par- 
ticular fitness advantage to large seeds in soils impover- 
ished in remobilizable nutrients and subject to severe 
drought. Much remains to be known about all the proc- 
esses outlined here, but with decreasing rainfall a typical 
prediction for temperate systems, more attention needs to 
be given to the drought-avoiding properties afforded by 
larger, nutrient-enriched seeds. 
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